Aims/hypothesis. Previous studies have shown that diabetic placentas are characterized by structural and biochemical anomalies, including defects in the differentiation of trophoblasts. In this study, the Rcho-1 cell line was used to investigate the impact of high glucose concentrations on different markers of differentiation of rat trophoblast cells in giant cells (endoreduplication, invasive phenotype and endocrine phenotype). Materials. Rcho-1 cells were incubated for 12 days in medium supplemented with different concentrations of glucose and 10% horse serum to optimize differentiation. The cells were examined for the proportion of nuclei showing signs of apoptosis. The effect of high glucose was investigated on the endoreduplication process, on invasive phenotype (secretion of gelatinase B) and on endocrine phenotype (expression of placental lactogen I (PL-I) and II (PL-II) and progesterone secretion). Results. Apoptosis was not induced by high glucose in Rcho-1. The number of cells was higher in the cultures exposed to high glucose (p<0.05) and their nuclei contained more DNA compared with control cells (p<0.001), while their nuclear size was smaller (p<0.001). Gelatinase B secretion increased during differentiation but no difference was found when gelatinase B secretion from trophoblasts exposed to high glucose was compared with the control cells. Rcho-1 cell cultures showed an increase in PL-I and PL-II mRNA expressions during differentiation and which was not affected by high glucose. Progesterone secretion increased during differentiation in control cultures. However, this increase was abolished when trophoblasts were cultured in high glucose. Conclusions/interpretation. Our data suggest that high glucose influences the endoreduplication process and the steroidogenesis during differentiation of rat trophoblasts. [Diabetologia (2003) 46:276-283] 
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The trophectoderm (TE) is the first tissue to differentiate in the mammalian embryo. It forms a monolayer surrounding the inner cell mass (ICM) and the blastoDuring the differentiation, trophoblast giant cells acquire a number of specialized functions, including the potential for invasion and the biosynthesis of steroid and polypeptide hormones, the endocrine activity [4, 5, 6] . Development of the trophoblast cell lineage is essential for the establishment and maintenance of an effective exchange pathway between maternal and foetal tissues during pregnancy.
Although important morphological and developmental differences exist between the placentas of primates and rodents, structural and biochemical abnormalities have been observed in placentas derived from diabetic pregnancies of both humans and rodents. These placentas are characterized by placentomegaly and delayed maturation during late gestation [7, 8] . A number of studies suggest that the placental development in diabetic pregnancies is already impaired at the early stages, even before anomalous organogenesis can be observed [9, 10, 11] . The in vitro outgrowth of the trophoblast of blastocysts from diabetic rats is limited compared with the outgrowth of control blastocysts. Moreover, the frequency of giant cells is abnormally high in outgrowths formed in vitro by blastocysts from either genetically prone diabetic rats or drug-induced diabetic rats [11, 12] . These observations support the conclusion that diabetes disturbs the differentiation of trophoblasts.
In this study, Rcho-1 cell line was used to investigate the effect of high glucose concentrations on different markers of differentiation of trophoblast cells in giant cells. The Rcho-1 trophoblast cell line can be maintained in a proliferative state or induced to differentiate into trophoblast giant cells that morphologically and functionally resemble trophoblast giant cells developing in situ [13, 14] .
Materials and methods
Rcho-1 trophoblast cell culture. The Rcho-1 trophoblast cell line was derived from a rat choriocarcinoma and is capable of differentiation along the trophoblast giant cell lineage (Fig. 1) . Rcho-1 trophoblast cells were routinely maintained in subconfluent conditions with NCTC-135 culture medium (Sigma Chemicals; St. Louis, Mo., USA) supplemented with 20% FBS (Life Technologies; Paisley, UK), 10 mmol/l hydroxyethylpiperazine ethanesulfonic acid (Hepes), 50 µmol/l β-mercaptoethanol, 1 mmol/l sodium pyruvate, 2 mmol/l glutamine, 100 U/ml of penicillin and 100 µg/ml of streptomycin in a humidified incubator under 5% CO 2 /95% air at 37°C. Differentiation was induced by growing the cells to confluence in FBS supplemented culture medium and then replacing the serum supplementation with 10% HS (Horse serum) (Life technologies) (day 0 of culture). During induction of differentiation, glucose concentration in the culture medium with 10% HS was either 6 mmol/l D-glucose (6 mmol/l D-G) or 28 mmol/l D-glucose (28 mmol/l D-G); the osmolarity control medium was 6 mmol/l D-glucose and 22 mmol/l L-glucose (28 mmol/ l D+L-G).
Determination of apoptosis and mitotic index. Incidence of chromatin degradation and nuclear fragmentation, two nuclear markers of apoptosis, were analyzed by terminal transferasemediated dUTP nick end labelling (TUNEL) coupled with bisbenzimide-staining. The Rcho-1 cells were fixed in 4% paraformaldehyde, treated with 0.3% hydrogen peroxide, permeabilized in 0.1% Triton X-100, prestained in 25 µg/ml bisbenzimide, and then incubated with 50 U/ml of terminal transferase (Roche Diagnostics-Boehringer, Mannheim, Germany) and 15 µmol/l fluorescein-conjugated dUTP for 35 min at 37°C in a specific reaction buffer. Following exposure to a sheep antifluorescein antibody conjugated to peroxidase for 30 min at room temperature, TUNEL staining was developed in a solution of diaminobenzidine and nickel chloride. Each culture was examined under combined UV and visible lights for cells with chromatin degradation (positive TUNEL staining), nuclear fragmentation (densely bisbenzimide stained cluster of nuclear material) or mitosis (a typical metaphasis figure). We tested five series of Rcho-1 cultures independently for each experimental condition. Data were expressed as percentages (means ± SEM) of cells displaying either one of these two nuclear markers relative to the total number of cells counted per culture.
Measurement of cell number and nuclear size. The cells were fixed for 20 min in cold (−20°C) 70% ethanol. The nucleus of the cells were stained with bisbenzimide (25 µg/ml) and counted under microscope in an area of 5 µm 2 . Each experiment was carried out five separate times for each experimental condition.
The nuclear size was measured with Scion-modified NIH image program (version 1.62) after acquisition of the image. The nuclear image of about 150 cells on three slides was analyzed per experimental condition.
Feulgen staining. The DNA content per nucleus was estimated with the Feulgen reaction because it allows selective and quantitative (stoichiometric) staining of the DNA. The cells were fixed for 15 min in a 70:25:5 mixture of 96% ethanol, formaldehyde and acetic acid. The formaldehyde was neutralized by means of a satured K 2 HPO4 solution. The slides were then stored at 4°C until staining. All the slides were stained together for 1 h in Feulgen reagent (Fluka, St Louis, Mo., USA) after hydrolysis in 6 mol/l HCl for 1 h at room temperature. Morphonuclear assessments were done by means of a Samba 2005 (AlcatelTITN, Grenoble, France) microscope image processor. The system allows 15 parameters to be described quantitatively. These parameters relate to morphometric (nuclear size), densitometric (nuclear DNA content) and textural (chromatin heterogeneity, distribution and organization) features. Of these parameters three were used in this study: the nucleus area, a morphometric parameter which corresponds to the area of the nuclear profile (the number of pixels occupied by the nucleus); the integrated optical density, a densitometric parameter which is related to the total DNA content (the sum of the optical density values of each pixel) and one textural parameter which is representative of the overall condensation level of the chromatin (the local mean of the cooccurrence matrix). We analyzed five Feulgen-stained slides per experimental condition and the nuclear images of about 400 to 500 cells were analyzed per slide.
Substrate gel electrophoresis (zymography).
Metalloproteases in medium conditioned by the Rcho-1 trophoblast cell was determined by gelatin-substrate zymography. Rcho-1 trophoblast cells were seeded at 33 333 cells per cm 2 in NCTC-135 containing 20% FBS and incubated at 37°C until confluence. The dishes were washed with Hank's balanced salt solution (HBSS) and changed, to promote differentiation, to NCTC-135 with 10% HS containing different concentrations of glucose. After various stages of trophoblast differentiation, the cultures were maintained in a serum-free medium for 18 h and the conditioned medium was collected. Conditioned medium was mixed with SDS-PAGE nonreducing buffer (40% glycerol, 250 mmol/l TRIS-HCl (pH 6.8) 6% SDS, 0.005% bromophenol blue) and loaded on 8% polyacrylamide gels, copolymerized with gelatin (Sigma Chemicals) at 0.5 mg/ml. After electrophoresis, SDS had been removed by rinsing with 2.5% Triton X-100 and the gel was incubated for 18 h at 35°C in a zymography incubation buffer (50 mmol/l TRIS-HCl (pH 7.5), 5 mmol/l CaCl 2 , 1 µM ZnCl 2 , 0.02% sodium azide and 1% Triton X-100). Gels were then stained at room temperature for 30 min in Coomassie brilliant blue R-250 solution [45% methanol, 9% acetic acid and 0.25% in Coomassie brilliant blue R-250 (Sigma Chemicals)] and destained in destain solution (20% methanol, 7% acetic acid, 20% Norvanol). Proteolysis was detected as clear bands in a dark field. For gelatinase B expression analysis, the intensity of the proteolysis bands was quantified by computer-assisted scanning and densitometry with normalization to the same sample in the different gels. Each experiment was carried out three times.
Northern blot analysis. Expression of placental lactogen-I (PL-I) and placental lactogen II (PL-II) RNA was evaluated by Northern blot analysis. Total RNA was isolated at the indicated times of differentiation using Tri-Reagent (Sigma Chemicals). The RNA concentration was calculated from the absorption at 260 nm and 20 µg from each sample were fractionated on a 1% agarose-formaldehyde gel. The RNA was transferred to a nylon membrane, Hybond-N (Amersham, Bucks., UK) and fixed in place by UV cross-linking. The membrane was then hybridized to probes derived from random-primed synthesis using High Prime (Boehringer Mannheim) and 32 P dCTP (Amersham). The blot was then exposed to Kodak Biomax-MS film (Sigma Chemicals). The cDNA inserts of PL-I and PL-II used as templates for the synthesis of DNA probes were provided by Dr. Soares (University of Kansas, Kansas City, USA) [15] .
For PL-I and PL-II RNA expression analysis, the intensity of the hybridization bands was quantified by computer-assisted scanning and densitometry. Each experiment was done three times.
Steroid radioimmunoassays. Progesterone concentration in the conditioned medium was measured by radioimmunoassay (Immunotech, Marseille, France) and normalized to cell number. The conditioned media were collected every 2 days during 12 days and each experiment was carried out three times.
Statistical analysis. The data are expressed as mean values ± SEM. Data were analyzed with one-way analysis of variance (ANOVA) coupled to post hoc Fisher's test. A p value of 0.05 was considered statistically significant.
Results
Apoptotic effect of high glucose on trophoblast differentiation. Rcho-1 cells were examined for the proportion of nuclei showing signs of chromatin degradation or nuclear fragmentation, two nuclear markers of apoptosis, after incubation in 6 mmol/l D-G, 28 mmol/l D-G or 28 mmol/l D+L-G. Staining was done every 3 days for 12 days, to detect cells showing signs of nuclear fragmentation (bisbenzimide staining) or chromatin degradation (TUNEL staining). Chromatin degradation was below 1% and nuclear fragmentation below 2% in the different groups, indicating the absence of apoptosis induction by high glucose in differentiating Rcho-1 cultures.
Effect of high glucose on cell number, mitotic index and nuclear size. After the shift of medium to optimize the differentiation (day 0), Rcho-1 cell number per unit surface area showed a gradual decline ( Fig. 2A) . This decrease was more important in the control media (6 mmol/l D-G and 28 mmol/l D+L-G) compared to a medium with a high glucose concentration (28 mmol/l D-G) (p<0.05).
The frequency of mitotic figures in differentiating Rcho-1 cultures (Fig. 2B ) was below 1%, indicating the absence of cell proliferation.
The nuclear size in differentiating trophoblast cells is depicted in Fig. 2C . The nucleus area increased during differentiation. This increase was more important in the control cells (6 mmol/l D-G and 28 mmol/l D+L-G) compared with the cells exposed to high concentration of glucose (28 mmol/l D-G) (p<0.05).
The absence of mitosis and the increase of the nuclear size suggested that Rcho-1 cells were undergoing endoreduplication.
Effect of high glucose on the endoreduplication process. The Rcho-1 giant cells were analyzed for DNA content at day 12 of differentiation with the Feulgen reaction, which allows a selective and quantitative staining of the DNA. The spectrophotometric results indicated that the DNA content per nucleus was increased after 12 days of differentiation. Nuclei from cells exposed to high glucose concentration (28 mmol/l D-G) contained more DNA (Fig. 3A) compared with control cells, while nuclear size (Fig. 3B) was smaller. Hence, chromatin contained in the trophoblasts (Fig. 3C ) exposed to high glucose was condensed compared with control trophoblasts.
Effect of high glucose on gelatinase B secretion. Gelatinase B in media conditioned by Rcho-1 cell cultures was determined by gelatin substrate zymography, Gelatinase B secretion increased during differentiation of Rcho-1 cells until day 6 and remained stable thereafter (Fig. 4) . No difference was found between trophoblasts exposed to high glucose concentration compared to control cells.
Effect of high glucose on PL-I and PL-II expression.
Northern blot analysis was used to evaluate PL-I and PL-II expressions in differentiating trophoblast cells. During Rcho-1 cell differentiation, PL-I was detected first, followed by the expression of PL-II on day 9 of differentiation. The cell cultures showed an increase in PL-I and PL-II mRNA expressions during differentiation (Fig. 5) ; however, no difference was found when PL-I and PL-II mRNA expressions from trophoblasts exposed to a high glucose concentration were compared to control cells. In mice and rats, the trophoblast giant cells are one of the first differentiated cells to arise in the developing embryo and are characterized by their endocrine and invasive phenotypes.
In this study, we have used the rat Rcho-1 trophoblast cell line. In vitro, when induced to differentiate, Rcho-1 trophoblast cells recapitulate all the trophoblast giant cell development characteristics, including endoreduplication, the expression of trophoblast giant cell-specific members of the placental prolactin family and the placental enzymes involved in steroidogenesis, as well as the acquisition of an invasive phenotype. The expression of differentiation specific markers is restricted to morphologically distinct giant cells. The only apparent difference observed is the failure of PL-I expression to terminate during the course of the culture as it does in vivo [13, 16, 17] . These cells have thus proven to be a valuable tool for studying the biology of trophoblast giant cells and offer a good model for elucidating the effect of high glucose concentration on different markers of trophoblast giant cell differentiation.
Different studies have established that rat and mouse blastocysts recovered from diabetic females or blastocysts cultured in vitro in a high concentration of glucose contained fewer cells, especially in the ICM and that high glucose was directly implicated in the induction of apoptosis (increase in nuclear fragmentation and chromatin degradation, BAX expression) in the ICM but not in the trophectoderm [18, 19, 20] . The absence of apoptosis induction by high glucose concentration in Rcho-1 trophoblast cells during differentiation, as in this study and in another study on three human choriocarcinoma cell lines [21] , are in agreement with the observations made on blastocysts.
In rodent placenta, differentiation of trophoblast giant cells is accompanied by the endoreduplication process, continued DNA replication without cell division resulting in polyploid cells. The enlargement of cells is the consequence of this process [22, 23] . The functional significance of endoreduplication is however unclear. The early formation of different trophoblast cell function requires rapid differentiation and, at the same time, the intensive growth. Endoreduplication resulting in polyteny is the mechanism promoting the combination of these processes [24, 25] . Rcho-1 cultures were characterized, during differentiation, by a gradual decline in the cell number per unit of surface area, by an increase in the nucleus area and by an increase in the DNA content per nucleus. These results are in agreement with other studies and suggest that Rcho-1 cells were undergoing endoreduplication [26, 27] . The fact that some cells detach from the culture plate surface, whereas others increase in size, explains that the number of cells per unit of surface area decreased during the Rcho-1 differentiation.
When the Rcho-1 cells were exposed to high concentration of glucose, the nuclei from these cells con-Effect of high glucose on progesterone secretion. Progesterone levels in culture supernatants were determined by radioimmunoassay. Progesterone was first detectable at day 6 of differentiation in Rcho-1 trophoblast cells, cultured in 6 mmol/l D-G and 28 mmol/l D+L-G. Progesterone secretion increased during differentiation in these cultures (Fig. 6) . In cell cultures exposed to high glucose (28 mmol/l D-G), there was no increase in progesterone secretion; only a low level was found throughout the differentiation period (Fig. 6) .
Discussion
Trophoblast cells are situated between maternal and embryonic compartments and permit the embryo to develop within the female reproductive tract. These cells develop along a multilineage differentiation pathway and their growth and differentiation are essential to the establishment and maintenance of pregnancy. tained more DNA compared with control cells, while the nuclear size was smaller and the chromatin therefore was more condensed. The decline of the cell number per unit of surface area was delayed in the cells exposed to a high glucose concentration compared with the control cells. This difference was caused by a smaller nuclear size in the high glucose cells and by a smaller number of cells who detached from the culture plate. These results suggest that the high concentration of glucose in our culture media accelerated the DNA synthesis during this specific cell cycle but retarded the cellular growth. This suggests that high glucose disrupts the progression through the endocycle perhaps by impairing the cyclin/cyclindependent kinase complexes controlling each step of the endocycle [26, 27] .
We used the Rcho-1 cell line to investigate the effect of high glucose on the differentiation of trophoblast giant cells but the rat placenta is a complex organ where at least four recognizable differentiated cell phenotypes are observed: trophoblast giant cells, spongiotrophoblast cells, glycogen cells, and syncytial trophoblast cells.
The streptozotocin-induced diabetic rat has been used to study the effect of diabetes on the structure of the whole placenta [28, 29] . In these studies, the diabetic placenta at term was characterized by a placentomegaly, large numbers of glycogen-distended cells in the basal zone and degeneration of the trophoblast cells in the labyrinth zone. DNA synthesis continued for an additional 2 to 3 days after the control placenta had completed DNA synthesis, but placental content of DNA did not differ between diabetic placentas and healthy control placentas when the DNA content was normalized to placental weight [30, 31, 32, 33] .
For trophoblast cells to invade the uterine stroma, they have to degrade the components of the uterine epithelium basement membrane. Enzymes capable of degrading extracellular matrix components, such as matrix metalloproteinases (MMPs), are necessary for this invasion. The rodent trophoblast giant cells express and secrete MMPs, including MMP-9, which is also referred to as gelatinase B [34, 35, 36] . We observed that gelatinase B secretion increased during Rcho-1 differentiation until day 6 and plateaued thereafter, showing that the acquisition of Rcho-1 trophoblast invasive phenotype was differentiation dependent. When gelatinase B secretion from trophoblasts exposed to a high glucose concentration was compared with the control cells, no difference was found. This result suggests indirectly that the high concentration of glucose does not influence the invasive phenotype of the giant cells. These results seem to conflict with the greater gelatinase B activity in placental tissue from patients with pre-existing diabetes mellitus as measured by another study [37] . However, we studied only the effect of high glucose on the trophoblast invasive phenotype, whilst maternal diabetes might involve other factors likely to influence gelatinase B activity. Furthermore, several studies have shown that the mechanisms by which trophoblast cells invade basement in vitro could implicate other effectors that gelatinase B [38, 39, 40] . For example studies investigating the tissue inhibitors of metalloproteinases (TIMPs) gene expression in vivo showed that concentrations of TIMP-1 mRNA peak in mouse uterus, decidua and placenta in the period covering days 6 to 10 after fertilization, the most invasive period of implantation [41] .
During differentiation, trophoblast giant cells acquire an endocrine phenotype that includes the expression of members of the placental prolactin (PRL) family and the steroidogenesis [17] . The excessive or deficient release of some placental hormones could reflect an abnormal differentiation of the placenta [42] . To monitor the effect of high glucose on the endocrine phenotype, we evaluated the gene expression of two members of the PRL family, PL-I and PL-II, and the levels of progesterone in conditioned medium.
During the Rcho-1 cell differentiation, PL-I was detected first, followed by the expression of PL-II on day 9 of the differentiation and their expressions increased thereafter. In the rodent, in vivo, PL-I expression begins shortly after implantation and disappears by midgestation. PL-II expression begins after PL-I and continues until term. PL-I expression serves as an early endocrine marker of trophoblast giant cell differentiation, while PL-II expression serves as an intermediate-to-late marker [43] . The expression of PL-I on day 0 of the differentiation can be explained by few giant cells in the cultures. PL-I and PL-II coexpression by Rcho-1 cells in vitro is in contrast to the normal development of the placenta in vivo where the coexpression is limited to approximately a 24 h interval during gestation. Another study [16] showed similar results in which they explained the regulation of the PL-I expression after midgestation by in vivo signals not produced by Rcho-1 cells.
In diabetic women serum levels of hPL are reported to be normal in first trimester and normal or above normal later in pregnancy [44, 45] . Diabetic placentas are usually larger than normal placentas and contain more total RNA. These placentas could produce more hPL protein but the expression of hPL mRNA is not different per mg of total RNA [46] . These results are compatible with the results of our study in which we show no effect of high glucose on the mRNA expression of both PLs by differentiating Rcho-1 cells.
It has been shown that progesterone production by rat trophoblast giant cells is implicated as a regulator of uteroplacental structure and acts directly and indirectly via its conversion to androgens [47] . Other studies speculated on the local importance of placental progesterone for maternal immunosuppression, endometrial growth and decreased uterine contractibility [48] . In our study, progesterone secretion by Rcho-1 cells increased markedly during differentiation in control medium but failed to do so in cultures exposed to high glucose. The low level of progesterone measured in these cultures illustrates a functional and possibly structural disruption of giant trophoblast cells induced by high glucose. This might help to explain the high level of resorption observed in diabetic pregnancies. Indeed, several reports propose that the local production of progesterone acts as an immunosuppressant at the maternofoetal interface preventing the rejection of the foetal allograft [49, 50, 51] .
We have shown that high glucose concentration does not induce apoptosis in Rcho-1 cells during differentiation but disturbs some aspects of trophoblast differentiation. The cells exposed to high concentration of glucose were characterized by impaired endoreduplication process (more DNA per nucleus and smaller nuclear size) and by disturbed steroidogenesis (no increase of progesterone secretion). The invasive phenotype of the giant cells was however not influenced by the high concentration of glucose.
